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We report the ultrafast optical pump-probe spectroscopy measurements on the single-crystal cerium films. Our experimental re-
sults of temperature-dependent quasiparticle dynamics reveal development of the hybridization between localized f moments
and conduction electrons, i.e., evolving from fluctuating hybridization to collective hybridization. Exotic phonon renormaliza-
tion is discovered to appear at the emerging temperature (77) of fluctuating hybridization apart from its known presence at the
coherent temperature (7*), and can hardly be explained by the mean-field theory. The quasiparticle relaxation at high temper-
atures indicates coexistence of nonthermal electron-electron scattering and inelastic Kondo scattering, while its behavior at low
temperatures suggests onset of o phase in the y-phase dominated film. We also extract the indirect gap below T, representing
the appearance of collective hybridization. Our findings provide novel information about the hybridization and phase evolution

in the heavy fermion systems.
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1 Introduction

As a member of rare-earth elements, cerium (Ce) exhibits in-
tricate physical properties and enigmatic underlying physics
due to its rich allotropes, as indicated by numerous stud-
ies [1-4]. In particular, cerium metal exhibits a y-a phase
transition under modest experimental conditions, which can
be achieved by controlling pressure and temperature [5, 6].
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Intriguingly, this transition involves a volume collapse of ap-
proximately 17% and a magnetic transformation from ferro-
magnetic to paramagnetic, while maintaining the same lattice
symmetry in both phases (face-centred cubic, fcc) [7]. Since
the discovery of this isostructural transition, there has been
extensive research aimed at explaining its underlying prin-
ciples [8]. Numerous experimental efforts [9-11] and theo-
retical studies [12-14] have been undertaken to resolve the
puzzle of such phase transition. However, no consensus has
been reached within the scientific community, particularly
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concerning the role of f electrons in the transition.

Several theoretical models have been proposed to under-
stand the role of f electrons in the physical process of the
phase transition, which have been partially supported by ex-
perimental results. These models suggest a close relationship
between the behavior of f electrons and the phase transition,
despite differing in their specific explanations [15]. For in-
stance, the Mott transition framework suggests that the phase
transition is closely related to the kinetic energy of the 4f
electron, which remains localized in the y phase but becomes
itinerant in the @ phase [16]. On the other hand, the Kondo
volume collapse theory proposes that the strength of Kondo
hybridization between 4 f electrons and conducting electrons
varies with the phase transition, leading to a rapid change in
Kondo temperature (7x) during the transition [17, 18]. A re-
cent study using angle-resolved photoemission spectroscopy
(ARPES) has revealed the possibility of an interplay between
the two mechanisms, rather than a mutually exclusive com-
petition [19]. Therefore, it is essential to investigate the be-
havior of f electrons in this material. Among the available
techniques, ultrafast optical pump-probe spectroscopy offers
unique advantages for investigating hybridization dynamics
in heavy fermion materials, where the f electron plays a cru-
cial role in determining the physical process [20-22].

In this work, we report optical pump-probe measurements
on single crystal cerium films. Two kinds of y-like samples,
P1 and P2 as specified in ref. [19], have been investigated.
Hybridization processes between the localized f electrons
and conduction electrons have been unraveled by investigat-
ing the photoexcited quasiparticle dynamics in both samples.
Specifically, the initial relaxation rate (I') of quasiparticles
shows a clear anomaly below the temperature T7~140 K,
and exhibits an apparent fluence dependence for T < T~
(=90+5 K), in contrast to the fluence-independent behavior
for T > T*. Such findings suggest the occurrence of a nar-
row indirect hybridization gap and the existence of precursor
hybridization fluctuations in Ce films, similar to the observa-
tion in metallic compounds CeColns and CeRhsGey [23,24].
Coherent phonons and their renormalization at different crit-
ical temperatures are also observed in Ce films.

2 Experiment and results

The Ce films in our experiments are grown by molecular
beam epitaxy (MBE) [19]. After deposition, the films with
thickness of ~200 nm were annealed to different tempera-
tures in ultrahigh vacuum and led to two y-like samples (P1
and P2) with slightly different c lattice constant near the sur-
face regions. Although both phases exhibit strong Kondo hy-
bridization, it was proposed that the slight difference in in-
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terlayer spacing leads to Mott-type delocalization of 4 f elec-
trons [19]. The ultrafast time-resolved differential reflectiv-
ity AR(#)/R measurements were performed from 5 K to room
temperature using lasers with pulse widths of ~55 and ~67 fs
(full width at half maximum, FWHM) at center wavelengths
of 800 and 1030 nm, respectively.

2.1 Dynamics of P1 film

Transient reflectivity AR(f)/R signals of P1 film are shown
in Figure 1(a). An instantaneous rise is observed after
photoexcitation at all temperatures. The temporal evolu-
tion of AR(f)/R within the initial several picoseconds (ps)
is typically attributed to scattering processes of electron-
electron (e-¢) and electron-boson in strongly correlated sys-
tems [25,26]. The bosonic excitations involved in these
interactions may include phonons or other bosonic modes
[27,28]. As shown in Figure 1(b), a prominent fluence-
dependent behavior is observed in the initial decay. To ob-
tain the quantitative information on the quasiparticle relax-
ation, we fit the experimental data using a single exponential
function, AR/R = Ae™'". Here, A and I are the amplitude
and decay rate, respectively. The extracted I" as a function of
temperature under various pump fluences are shown in Fig-
ure 1(c). Within the experimental errors, I' shows a clear
fluence-dependence behavior below a critical temperature of
T* (=905 K).
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Figure 1 (Color online) (a) Time-resolved differential reflectivity AR(f)/R
of the P1 cerium film as a function of temperature. (b) AR(¢)/R at 12 K under
different pump fluences. (c) The decay rate I" as a function of temperature
at pump fluences of 0.8 and 1.6 uJ/cm?, respectively. The insert shows I’
between T* and 7.
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Such fluence-dependent behavior in the heavy-fermion
systems can be explained by Rothwarf-Taylor (RT) model
[29-31], where the dynamics of quasiparticles (n) and bosons
(N) are highly influenced by the emergence of a narrow en-
ergy gap in the density of states (DOS). Mathematically, the
RT model describes two coupled nonlinear-differential equa-
tions that capture the time-evolution of number of quasipar-
ticles and bosons [29]:
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where n is the total number of quasiparticles, R represents
the recombination coefficient of quasiparticles, N is the den-
sity of bosons with energy larger than 2A (A is the energy
gap), B is the transition probability for regenerating excited
quasiparticles by high frequency bosons, - !is the escaping
rate of the high frequency bosons, and N7 is the density of
thermal equilibrium bosons. In the above equations, when
the escaping rate TE] is large, a bimolecular recombination
term then will dominate the quasiparticle relaxation, causing
a nonlinear Rn? contribution and hence the strong fluence-
dependence of T" [23,28].

According to RT model, upon formation of the narrow en-
ergy gap, the decay rate of quasiparticles, I', and the density
of thermally excited quasiparticles, ny, can be described by
the following equations [32,33]:

0
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where 0, { and A are fitting parameters, respectively, A is the
energy gap, p (0 < p < 1) is a constant that is determined by
the shape of the gapped DOS [31,34]. We use eq. (4) to fit
our data, and the best fit (Figure 2) is obtained for an energy
gap of ~4 meV and p = 0.27.
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Figure 2 (Color online) Fitting results of the data from the P1 cerium film.
(a) The density of thermally excited quasiparticles ny as a function of tem-
perature below 7. The inset shows the temperature-dependent amplitude A.
(b) Decay time I'"! as a function of temperature below T*. Values of A and
I'! here are derived from measurements conducted at the pump fluence of
0.8 w/em?. The red curves are the fitting results using the RT model.
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Above the critical temperature 77, the decay rate (I)
exhibits a fluence-independent behavior, as shown in Fig-
ure 1(c). Upon raising the temperature, I initially is almost
unchanged, and subsequently decreases above T7. As the
temperature continues to rise, I passes a local minima and
then undergoes an obvious increase. For the T-dependence
of T above T, both two temperature model (TTM) [35, 36]
and the nonequilibrium model (NEM) [25] are inapplicable,
since the fluence-independence rules out the feasibility of
TTM and behavior of I'(T") from 7'F to room temperature con-
tradicts the predictions made by NEM (see sect. 3 for more
details).

We now focus on the oscillatory components in the AR/R
signals, which were extracted from the decay processes by
subtracting the exponential fitting curves of AR(f)/R, as
shown in Figure 3(a) and (b) (see Supplemental Material
for more data). Three obvious terahertz (THz) modes are
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Figure 3  (Color online) (a) Extracted oscillation components at some
typical temperatures (5, 100, 150, 230 and 293 K). (b) The Fourier trans-
form spectra in the frequency domain for oscillations from room temperature
down to 5 K.
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observed at all measured temperatures including f;~2.6 THz,
f>~3.7 THz and f3~5.2 THz. The mode with a frequency
of ~4.4 THz is only observed above T'. To study the os-
cillations quantitatively, we fit the oscillations in frequency-
domain via several Gaussians (see Supplemental Material for
more details). The derived temperature-dependent evolution
of f;is shown in Figure 4. We can see anomalies emerging
at temperatures 7* and 7. In general, the oscillations with
THz frequency originate from the coherent optical phonons
[37], initiated either through the displacive excitations or the
coherent Raman process [38,39].

Evolution of the phonon energies in the temperature do-
main generally can be described by the anharmonic phonon
model [40-43]:

WP =g + a; [1 + 2n3(%’ T)]

+a2[1 +3n3(%,T)+3n%(%,T) , (5)

where wy is the intrinsic frequency, a; and a, are the fitting
parameters. ng(w,T) = [exp(iw/kgT) — 177! is the Bose-
Einstein distribution function. The fitting results are shown
in Figure 4. For f; and f>, the data below T deviate from
the prediction by the anharmonic phonon model manifested
by hardening effect, although a reasonable agreement exists
at temperatures T > T'. The hardening behavior below tem-
perature T is first observed in the heavy fermion system.
Anomalous 7-dependent behavior is also observed below 7,
and is similar with previous findings around this tempera-
ture [23,24]. Such new finding demonstrates that phonon
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Figure 4 (Color online) The temperature-dependent evolution of oscilla-
tions with frequencies of (a) fi, (b) f2, (c) f3 and (d) fi, respectively. The
red lines in (a) and (b) are the fitting curves with anharmonic model.
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renormalization can not only happen below the collective hy-
bridization, but also appear with the emergence of hybridiza-
tion fluctuation. Unfortunately, the mean-field theory involv-
ing the Kondo singlets could not be used to describe the be-
havior below 77 and 7* anymore. T-dependent f; shows
anomaly around 7, and is difficult to understand by any ex-
isting models. f; phonon mode appears above T, and its
origin is not clear at this stage. However, it may be related
to the nonthermal and inelastic Kondo scattering processes
discussed below, since it shows anomalous change around a
similar temperature 225 K with that of I'(T) at T > T7.

2.2 Dynamics of P2 film

Similar to the P1 sample, typical transient reflectivity
AR(t)/R data of the P2 film are shown in Figure 5(a). There
exist some differences of the shape between signals in Fig-
ures 1(a) and 5(a). This is understandable since these
two samples have undergone different annealing processes,
whose influence on the electronic and structural properties
are different, and hence lead to various scattering processes.
After photoexcitation, the instantaneous rise can also be seen
in the signals at all investigated temperatures and the fluence-
dependent decay rate is observed again (Figure 5(b)). By
using the same method of data analysis as that employed
for the P1 sample, the extracted decay rates under different
pump fluences as a function of temperature are shown in Fig-
ure 5(c). Two critical temperatures (T* and T") can also be
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Figure 5 (Color online) (a) Time-resolved differential reflectivity AR(f)/R
of the P2 cerium film as a function of temperature. (b) AR()/R signals of P2
cerium film at 40 K under different pump fluences. (c) The decay rate as a
function of temperature at pump fluences of 0.8 and 1.6 uJ/cm?, respectively.
The insert shows I" between 70 and 120 K.
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extracted, and are nearly the same as those for the P1 sample.

The fluence-dependent I" below T can be fitted well by
the RT model, as shown in Figure 6, yielding a narrow en-
ergy gap of 2A ~7 meV with p=0.9. It should be noted that
various p values in P1 and P2 samples may suggest that the
shapes of DOS are different [34]. In the temperature range
T > T*, the absence of fluence-dependence indicates the
vanishing of hybridization gap. As the temperature increases,
the relaxation rate shows a similar 7-dependent behavior as
that of the P1 sample, although there exists some difference
between them. Clearly, such 7-dependence also cannot be
explained by TTM or NEM (see sect. 3 for detailed discus-
sion).

Same to the P1 film, oscillatory components with THz fre-
quency are also observed in the AR(f)/R signals of the P2
sample (Figure 7). To study them quantitatively, we fitted the
data using damped oscillations:

(AR/R)ose = ) Aje™sin(Qst + ¢, (6)

j=12

where A;, l";., Q;, and ¢; are the amplitude, damping rate,
frequency, and phase, respectively. The derived temperature
evolution of f; (=Q;/2m) are shown in Figure 7(c) and (d).

The fi mode maintains nearly unchanged below T*, while
a downturn can be seen at the temperature region below 7*
for the f, mode. The modes f; and f, show a good consis-
tence with the anharmonic phonon model at the temperature
above T' and T*, respectively. The hardening of f; mode be-
low T is noticeable, and is similar with the observation in P1
sample. Compared with the f; mode, f, phonon frequency
below T* can be well described by the Kondo-phonon cou-
pling via the mean-field theory.

3 Discussion

Investigation of the decay processes in two types of cerium
films has revealed a two-stage scenario for the hybridization
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Figure 6  (Color online) Fitting results of the P2 cerium film. (a) The

density of thermally excited quasiparticles nr as a function of temperature
below T*. The inset illustrates the temperature-dependent amplitude A. (b)
I'~! as a function of temperature below T*. The pump fluence is 0.8 wJ/cm?.
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Figure 7 (Color online) (a) Extracted oscillating components at represen-
tative temperatures (70, 110 and 260 K). (b) Oscillatory signals in frequency
domain obtained through the fast Fourier transform (FFT). Two modes are
found. The temperature-dependent evolution of oscillations with frequen-
cies of (c) fi and (d) f>, respectively. The red lines in both (c) and (d) are the
fitting results using the anharmonic phonon model. The green line in (d) is
the fitting curve taking into consideration the contribution of Kondo singlets,
yielding @ = 0.8, more details about fitting can be seen in ref. [23].

dynamics. The critical temperature T'~140 K marks the
temperature below, which emerges the hybridization between
localized f electrons and conducting electrons, while a co-
herent hybridization state has not formed within the entire
lattice. Below the critical temperature 7, there appears fur-
ther development of such hybridization into a coherent heavy
electron state associated with the formation of a narrow indi-
rect hybridization gap in DOS.

Above T*, as observed in both P1 and P2, the fluence-
independent behavior of I' indicates that the relaxation dy-
namics of quasiparticles is not dominated by TTM, but may
potentially involve a nonthermal process [25, 36], where the
relaxation through e-e collisions is comparable with electron-
boson scatterings [23]. This observation implies that the re-
laxation time due to e-e collisions is longer than the e-ph
relaxation time (7... > T,.pp). Between T™ and T%, the pres-
ence of plateau in the T dependence of I reveals a more pro-
nounced photoinduced nonthermal effect in the P1 film com-
pared with the P2 film. I'(T") observed in the P2 sample below
T suggests the possible coupling between fluctuating f mo-
ments and nonequilibrium electrons near Er, suppressing e-e
scatterings. A similar phenomenon has also been reported in
other heavy fermion compounds [23, 24].

Above T, T exhibits clear minimums as temperature in-
creases (~220 K for P1, ~190 K for P2). It is obvious that
TTM fails to account for this behavior. According to NEM,
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the decay rate is indeed fluence-independent, but NEM pre-
dicts that the decay rate should follow a 1/7 dependence
[25], which is also not consistent with our results. Thus, the
temperature dependence of decay rate I" for both P1 and P2
samples cannot be fully explained by a single mechanism.

It is reasonable to propose that the quasiparticle dynamics
in this temperature range could be a result of two competing
mechanisms. One is the nonthermal process, and the other
is possibly the inelastic Kondo scattering between conduc-
tion electrons and localized magnetic moments [44]. There-
fore, the evolution of I'(T) can be described by the expression
I'=1/t=A/T+BInT+C, where the term A/T corresponds
to the nonthermal process, the term In 7 represents the inelas-
tic Kondo scattering process [44], and C is a temperature-
independent offset. The fitting results are depicted in Fig-
ure 8, demonstrating a good consistency with the experimen-
tal data. This implies that the dynamics observed within this
temperature range are governed by the interplay between two
mechanisms. Such a competitive relationship has also been
reported in the Ce-based heavy fermion compounds [44-46].
It should be emphasized that the correlation strength man-
ifested by e-e interaction and electron-phonon (or electron-
boson) coupling should be different between these two sam-
ples. Based on our fitting, the parameter A of sample P1
increases nearly by 20% compared with that of sample P2.
Meanwhile, the parameter B between these two samples only
has a tiny relative change, i.e., ~4%. Such a result indicates
a larger nonthermal effect observed in P1 film, where there
should appear a stronger correlation effect.

We observed four phonon modes in sample P1 and two
phonon modes in sample P2. For the two modes with rel-
atively higher frequency (f; and f> modes of P2, f; and f4
modes of P1), their corresponding differences between these
two samples are not significant (~6%). This is reasonable be-
cause the annealing temperatures for sample P1 and sample
P2 were quite different during the sample growth. However,
the low-frequency modes in sample P2 were not detected,
possibly due to their related signals being too small and ex-
ceeding our detection limit.

The anomalies of phonon energy observed around 7™ for
both samples can be attributed to the coupling between co-
herent heavy electrons and phonons. This phenomenon has
been previously reported in Ce-based compounds [23, 24].
However, by contrast to those phonon modes in P1, the 7-
dependent f>, mode in P2 below T* can be well modeled by
the mean-field theory. Such difference might be attributed
to the stronger correlation effect present in P1, due to its es-
sential role in the intricate electron-phonon coupling. On the
other hand, absence of any evidence of structural changes
near T, as determined by X-ray diffraction (XRD) measure-
ments [19], suggests that the anomalies of phonon frequency
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near T are likely induced by the c-f hybridization fluctua-
tions, as shown in Figure 7(c). Such phonon renormalization
near T is observed for the first time [23,24]. New theoreti-
cal model is required to explain the phonon hardening effect
below T7.

We also compare the critical temperatures obtained in our
pump-probe experiment with those in other measurements.
For example, the resistance of P1 sample obtained from the
electrical transport is shown in Figure 9. According to the
resistance data, the broad peak at around 90 K confirms that
the coherent temperature 7™ is consistent with the result from
pump-probe technique in this work. The 7T can be extracted
from the derivative of resistance (Figure 9(b)), and agrees
well with our data within the experimental uncertainty. In
addition, the sharp peak at 12 K is believed to originate from
the y-a phase transition, which has been confirmed by the
T-dependent XRD measurement [19]. In our pump-probe
experiments, we observed that quasiparticle scattering rate
stops decreasing below ~12 K, as seen in Figure 1(c). Sim-
ilar phenomenon is also seen in the P2 sample. This be-
havior suggests some change of bosonic excitations involv-
ing with the quasiparticle scatterings around this tempera-
ture. Theoretical calculations have revealed that the @-Ce
has a much larger phonon density of states, especially in the
high-frequency region compared with that of y-Ce [14]. This
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Figure 8 (Color online) I of (a) P1 and (b) P2 in high temperature regions
at a fluence of 0.8 J/cm?, respectively. The red line is the fitting curve using
the model described in the main text.
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Figure 9 (Color online) (a) Transport measurement of cerium film with P1
phase. The blue line shows the fitting curve in the high temperature range
(T >ThH using equation R(T) « p(T) = a+b-T +c-InT [44]. (b) First
and second derivative of the resistance with respective to the temperature 7
for P1 sample.
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result implies that if there is a phase transition from 7y to @
below 12 K, the electron-phonon scattering process will pre-
vent I'(T) from further reduction as 7 decreases. In fact,
the temperature-dependent XRD experiments already indi-
cate that some portion of the film has converted into the
phase, although it is a very small percentage of ~1%. There-
fore, our findings illustrate that the quasiparticle relaxation is
very sensitive to the structural changes.

Finally, oscillations with gigahertz (GHz) frequency are
observed in the long decay process of both samples. This
type of oscillation generally arises from the transient stress
due to absorption of ultrafast pump pulse at the surface of
sample [47,48]. Such stress could induce a strain wave that
propagates deep into the sample along the normal of sur-
face. This strain wave is also known as coherent longitudinal
acoustic phonon, whose associated frequency of the oscilla-
tion depends on the probing wavelength [49,50] (see the Sup-
plemental Material for more details). Based on the relevant
data, we can obtain the speed of sound at room temperature
for both samples, which are ~1.37 km/s for P1 cerium film
and ~3.72 km/s for P2 cerium film, respectively. They are
consistent with the value (~2.4 km/s) in bulk cerium sample
[51,52]. Their difference may reflect the difference of lattice
and electronic properties between these two samples, caused
by the different annealing procedures.

4 Conclusion

In summary, we investigate the hybridization process in two
types of single-crystal cerium films over a wide temperature
range. The relaxation rate below 77~140 K suggests the
possibility of “band bending” already in this high temper-
ature region, as previously detected in the ARPES experi-
ments [11,15,53]. Below a coherence temperature 7*~90 K,
we observe an indirect band gap for both samples, which
protects the coherent heavy electron state. The associated
anomalies in the phonon frequencies demonstrate that the
hybridization between local f moments and conducting elec-
trons significantly affects the interaction among phonons, al-
though the existing model of Kondo-phonon coupling fails
to understand the strange T-dependent behavior below T
and T*. The observed two-stage hybridization process is in
close resemblance to that in other Ce-based heavy fermion
compounds [54, 55], for instance, CeRhgGe, and CeColns.
This similarity implies that the hybridization process of f
electrons shows a universal physical mechanism that is from
the intrinsic nature of f electrons. In addition, we also find
the quasiparticle relaxation is very sensitive to the y-a phase
transitions. This may provide an alternative perspective for
studying the relation between mysterious -« isostructural
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transition and the temperature-dependent physical nature of
f electrons in cerium. Finally, (1) it remains open how the
hybridization process changes with the phase transition under
external pressure; (2) our experiment demonstrates, in gen-
eral, that new theory must be needed to explain renormaliza-
tion of the phonon energy upon emergence of hybridization.
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